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Underexpanded jetAbstract To achieve a detailed understanding of underexpanded supersonic jet structures
inﬂuenced by afterburning and other ﬂow conditions, the underexpanded turbulent supersonic jet
with and without combustions are investigated by computational ﬂuid dynamics (CFD) method.
A program based on a total variation diminishing (TVD) methodology capable of predicting
complex shocks is created to solve the axisymmetric expanded Navier–Stokes equations containing
transport equations of species. The ﬁnite-rate ratio model is employed to handle species sources in
chemical reactions. CFD solutions indicate that the structure of underexpanded jet is typically
inﬂuenced by the pressure ratio and afterburning. The shock reﬂection distance and maximum value
of Mach number in the ﬁrst shock cell increase with pressure ratio. Chemical reactions for the
rocket exhaust mostly exist in the mixing layer of supersonic jet ﬂows. This tends to reduce the
intensity of shocks existing in the jet, responding to the variation of thermal parameters.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
Underexpanded jet ﬂows typically exist in the vicinity of the
nozzle outlets of launcher vehicles. Due to the complex physi-
cal phenomena such as shock interaction, heat transfer, after-
burning, etc., the accurate prediction of ﬂow features is
important to designers. In the past decades extensive experi-
mental and theoretical studies have been undertaken to predict
underexpanded jet structure.1,2 Although signiﬁcant progress
has been achieved in understanding the phenomenology ofthe jet interactions with the ambient atmosphere, several
important problems still need to be resolved, particularly with
regard to chemical reactions in the turbulent mixing region.
Due to the difﬁculty of measurements for supersonic ﬂows,
intrusive pressure probe measurements3 were initially utilized
to obtain the ﬂow properties of underexpanded jets and the
measurements were of the far-ﬁeld ﬂow only.4 Recently more
measurements have been taken via optical techniques such as
particle image velocimetry (PIV), laser Doppler velocimetry,
and spectrally resolved Rayleigh scattering.5,6 Qualitative visu-
alization and identiﬁcation of shock locations has also been
performed by researchers.7 However, reliable measurements
of velocity and turbulence quantities for hot ﬁring jets are
not at present available. Hence computational ﬂuid dynamics
(CFD) method was wildly applied to modeling of underex-
panded jets. The pioneering studies of Dash and Wolf8 are a
good example of numerical methods by using a parabolized
Navier–Stokes method with two-equation turbulent model.
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highly underexpanded jets numerically, a series of investiga-
tions was followed by some researchers.9–13
As a matter of fact, the modeling of real hot underexpanded
jet ﬂow has more difﬁculties. Generally, the rocket combustion
is optimized at an oxidizer–fuel (O/F) ratio considerably less
than stoichiometric, consequently some exhaust species burn
when mixed with the air entering the mixing layer. Considering
the supersonic ﬂow state, the turbulent mixing and the nonlin-
ear source terms, only a few methods are effective for these
chemically reacting jet ﬂows. The ﬁnite-rate chemistry method
is one of these frequently used models in recent investiga-
tions.14,15 Furthermore, it is clear that the afterburning in jet
ﬂows would inﬂuence the jet structure signiﬁcantly and lead
to some extra-effects to launcher vehicles. These effects such
as contamination and radiation have been investigated by
some researchers.16,17 Nonetheless, the detailed differences
between underexpanded jets with or without afterburning
models were seldom reported.
The main goal of this work is to achieve a detailed under-
standing of underexpanded supersonic jet structures inﬂuenced
by afterburning and examine the difference between the jet
ﬂow with or without chemical reactions. The reason for the
detailed analysis of afterburning is that the ultraviolet and
infrared radiations of exhausted jet ﬂows are concerned in
some ﬁelds and more accuracy of the ﬂow prediction is needed
for these researches. The CFD methodology is described in
detail in the following section. Following this, computational
conditions and CFD results are discussed based on the distri-
butions of ﬂow parameters. Conclusions are given in the last
section.
2. Methodology
2.1. Governing equations
For the prediction of high-speed turbulent combustion jet
ﬂows, the expanded Navier–Stokes equations, containing
transport equations of species are expressed in axisymmetric
form by
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where U is conservative variable vector; E, F and H are the
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The variables in these questions are the density q, the veloc-
ity components u and v, the pressure term p, the species mass
fractions Yi, the kinetic viscosity coefﬁcient l, the prandtl
number Pr, the mass production rate of the ith species xi
and the total internal energy et. sxx, syy, sxy, syx and shh are
shear and normal stresses. qx and qy represent the energy ﬂuxes
due to heat conduction and species diffusion. Sutherland law is
used to calculate the viscosity. ns is the number of species. Dal-
ton’s law was utilized to determined the mixture pressure of
gases, which is given as
p ¼
Xns
i¼1
qi
R
Mi
T ð2Þ
where T is the ﬂow temperature; ns is the number of species; R
is the gas constant and Mi is the molar weight of the ith spe-
cies. Similar to the form of pressure, connections of variables
between mixture and individual species are given as
q ¼
Xns
i¼1
qi
cp ¼
Xns
i¼1
cpiYi
Xns
i¼1
xi ¼ 0
Xns
i¼1
Yi ¼ 1
8>>>>>>>>><>>>>>>>>>:
ð3Þ
The speciﬁc heat cpi of the ith species is expressed as piece-
wise 4th degree polynomial functions. The total enthalpy of
the ith species is given as
hi ¼
Z T
T0
cpidTþ h0i ð4Þ
where h0i is the standard heat enthalpy of formation of the ith
species at temperature of 298.15 K.
For the modeling of underexpanded jet ﬂow without com-
bustion, the axisymmetric Navier–Stocks equations without
species transport equations are utilized in this research, and
all ﬂow variables are used in mixture forms.
In order to predict the spatial evolution of these gas jets, the
k–e model based on an eddy viscosity assumption is chosen as
the turbulent model in this research. The axisymmetric trans-
port equations for the turbulence kinetic energy k and the dis-
sipation rate e are given as
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where lt is turbulent viscosity coefﬁcient; Pk is the rate of pro-
duction of turbulence energy; rk, re, C1e and C2e are model
constants given as 1.0, 1.3, 1.42 and 1.68, respectively.
The generation of turbulent kinetic Gk is given as
Gk ¼ ltlþ lt
½sxxux þ syyvy þ sxyðuy þ vxÞ  2
3
qkðux þ vy þ v=yÞ
ð7Þ
In contrast to the standard k–e model of turbulence, the
model used here takes into account the inﬂuence of compress-
ibility on the characteristics of the jet by introducing an addi-
tional term f(Mat) into the equation for the kinetic energy of
turbulence oscillations. The turbulent viscosity of the mixture
lt in the model is determined by the following relation:
lt ¼ ClfðMatÞqk2=e
fðMatÞ ¼ 0:25þ 0:75
1þ e24:73ðMat0:2Þ
8<: ð8Þ
where Mat is the turbulent Mach number given by
Mat ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k=a2
p
, a is local sonic velocity; Cl is the model con-
stant valued 0.09.
2.2. Chemistry model
For turbulence chemistry ﬂows, turbulence chemistry interac-
tions (TCI) will reduce the peak temperature near the ﬂame
surface. The previous study by Sozer et al.18 shows that the dif-
ference between the ﬁnite-rate chemistry based on the mean
ﬂow variables and ﬂamelet model accounting for TCI is less
than 5% for most ﬂow regions. This is considered to be within
the acceptable range in this study. Hence the ﬁnite-rate ratio
model using averaged variables in the turbulent ﬂows is uti-
lized to calculate the species production rates _xi in theTable 1 Rate constants of chemical reactions for afterburning of h
Reaction number Reaction Forward r
1 O + O+M=O2 +M 3.0 · 103
2 O + H+M=OH+M 1.0 · 102
3 H +H+M=H2 +M 3.0 · 103
4 H + OH+M=H2O+M 1.0 · 102
5 H2 + OH=H2O+H 1.9 · 101
6 H2 + O=OH+H 3.0 · 101
7 O2 + H=OH+O 2.4 · 101
8 OH+ OH=H2O+ O 1.0 · 101
9 CO+ O+M=CO2 +M 7.0 · 103
10 CO+ OH= CO2 + H 2.8 · 101
11 CO+ O2 = CO2 + O 4.2 · 101
12 Cl + OH=HCl + O 4.0 · 101
13 H2O + Cl = HCl + OH 1.6 · 101
14 Cl + H2 = HCl + H 1.4 · 101
Note: N* is the number of molecules; ms is the number of reacting spe
reactions.governing equations. In general, Nr chemical reactions involv-
ing ns species can be represented asXNr
j¼1
m0ijSj $
kfi ;kbi
XNr
j¼1
m00ijSj ði ¼ 1; 2;    ; nsÞ ð9Þ
where m0ij and m
00
ij represent the stoichiometric coefﬁcient for
reactants and products; Sj represents the species j. Rate con-
stants of the forward reaction kfi and backward reaction kbi
are determined by the Arrhenius relation
kf ¼ A exp  Ea
RT
 
or kf ¼ ATn exp  Ea
RT
 
ð10Þ
where A is the pre-exponential factor; Ea is the activation
energy; R is the universal gas constant. The ith species _xi is
given as
_xi ¼ ðm00i  m0iÞ kf
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where W is the molecular weight of species. In the present
work, the chemical reaction set consists of 14 reactions involv-
ing 12 species as shown in Table 1. These reactions can also be
found in Ref. 19.
2.3. Numerical method
Numerical model employed in this study is the ﬁnite volume
technique. Based on the structured grid, the approximate equa-
tion applicable for a cell can be written as
@U
@t
¼ 1
Vij
ðPiþ1=2;j  A1 þ Pi1=2;j  A2 þ Pi;jþ1=2  A3
þ Pi;j1=2  A4Þ þ SþHþHv ð12Þ
where P= nx(E+ Ev) + ny(F+ Fv), nx and ny are axial and
radial components of a vector n; A1, A2, A3 and A4 are areas
of elemental sides; Vij is the volume of grid cell.
To obtain the numerical scheme for inviscid ﬂux vectors, a
higher-order discretization using a total variation diminishing
(TVD) principle is implemented. The Roe’s scheme and the
MUSCL technique which is referred to as MUSCL–Roeot jet.
eaction cm
3
N
 ms1	
s
 
Backward reaction cm
3
N
 ms1	
s
 
4 exp (900/T) 4.23 · 109 exp(58950/T)
9T1 1.14 · 105T1 exp(51610/T)
0T1 7.90 · 106T1 exp(52560/T)
5T2 1.12T2 exp( 60180/T)
5 exp(1825/T) 8.26 · 1015T1.3 exp(9335/T)
4 exp(4480/T) 1.33 · 1014 exp(3440/T)
0 exp(8250/T) 1.94 · 1011 exp(280/T)
1 exp(550/T) 9.8 · 1011 exp(9120/T)
3 exp(2200/T) 8.24 · 107T1.3 exp(64670/T)
7 exp(330/T) 2.92 · 1015T1.3 exp(10550/T)
2 exp(24000/T) 3.5 · 1011 exp(26890/T)
2 exp(2500/T) 5.33 · 1012 exp(3010/T)
0 exp(9100/T) 2.16 · 1011 exp(3010/T)
1 exp(2130/T) 8.10 · 1012 exp(1600/T)
cies; ms = 2 for bimolecular reactions and ms = 3 for trimolecular
508 D. Fu et al.method is utilized for the Navier–Stokes equations without
species transport equations. Numerical inviscid ﬂux vector at
face (i+ 1/2, j) is given by
Eiþ1=2;j ¼ 12 ½EðUi;jÞ þ EðUiþ1;jÞ  RjKjR1Diþ1=2;j
Diþ1=2;j ¼ ULiþ1=2;j URiþ1=2;j
(
ð13Þ
where K is the diagonal matrix formed by the eigen values of
Roe matrix A(Ui,j, Ui+1,j) borrowed from Ref.
20; R is the right
eigen matrix formed by the right eigenvectors corresponding to
eigen values. The reconstructed conversation variables ULiþ1=2;j
and URiþ1=2;j are used to improve the accuracy of original Roe
scheme. They are given as
ULiþ1=2;j ¼ Ui;j þ 12Riþ1=2;j min modðDWiþ1=2;j; gDWi1=2;jÞ
URiþ1=2;j ¼ Uiþ1;j  12Riþ1=2;j min modðDWiþ1=2;j; gDWiþ3=2;jÞ
DWiþ1=2;j ¼ R1iþ1=2;jðUiþ1;j Ui;jÞ
ð14Þ
where g is an adjustment parameter which can be selected by
1 6 g 6 3 k
1 k ; k–1. To satisfy the entropy condition, the ele-
ments of the vector |K| is corrected near sonic points as
follows:
/ðzÞ ¼ jzj jzjP eðz2 þ e2Þ=2e jzj < e


ð15Þ
For the species transport equations, the MUSCL–Roe
scheme for scalar equations is independently implemented.
This scheme is similar to the method mentioned above. The
second-order central differencing is applied to the viscous
terms.
The multi-stage Runge–Kutta method is utilized here for
the time stepping. Considering all right terms in Eq. (12) asbP, this scheme can be given as
Uð0Þ ¼ Un
Uð1Þ ¼ Uð0Þ  Dt
2
bPð0Þ
Uð2Þ ¼ Uð0Þ  Dt
2
bPð1Þ
Uð3Þ ¼ Uð0Þ  DtbPð2Þ
Unþ1 ¼ Uð0Þ  Dt
6
ðbPð0Þ þ 2bPð1Þ þ 2bPð2Þ þ bPð3ÞÞ
8>>>>><>>>>>:
ð16Þ
Based on this numerical method, a FORTRAN program is
developed to solve all cases in the current work.
3. Computational conditions and validation
3.1. Computational domain and conditions
All present calculations use a jet nozzle outlet diameter of
60 mm. The computational domain extends 10 nozzle diametersFig. 1 Schematic of computational domain.radically from the central line and 35 nozzle outlet diameters
downstream from the jet exit. To improve the simulation accu-
racy near the nozzle lip, an upstream sub-domain with one noz-
zle diameter length is imposed at the outside of nozzle. A
schematic of the computational domain is shown in Fig. 1.
A pressure inlet boundary condition is implemented to the
nozzle outlet section and uniform pressure conditions are
applied to outer boundaries of the computational domain.
No-slip, no penetration wall boundary conditions are imposed
at the wall of the nozzle. An axis symmetric condition is
employed at the central line of the nozzle.
As mentioned above, the equations solved here are the
steady, axisymmetric Reynolds-averaged compressible
Navier–Stokes equations with k–e turbulence model used for
closure. For the cases without combustion, air with the ideal
gas assumption and constant ratio of speciﬁc heats is used as
the working substance. For the cases considering afterburning,
the speciﬁc heats of working substances are calculated in the
computation. Based on the Courant–Friedrichs–Lewy (CFL)
number, a local time step is computed with a typical value
being 0.1 to improve convergence. Furthermore, the residuals
reduce by at least a factor of 104 from their starting value
is a necessary condition to properly converge to steady states
for all cases.
In order to validate this CFD model and show the effects of
afterburning on underexpanded jets, a set of CFD solutions
were obtained in the present work. The summary of computa-
tional conditions for these cases is shown in Table 2. For the
ﬁrst two cases, computational conditions are borrowed from
a publication21 for the purpose of validation. For the last six
cases, the ﬂow parameters at the nozzle outlet are obtained
by a one-dimension thermodynamic calculation of a rocket
motor. The total pressure in the rocket motor is 10 MPa and
the temperature in the combustion chamber is 3540 K. For
non-chemistry models, the speciﬁc heat ratio is given as uni-
form value of 1.32. For modes accounting for combustions,
speciﬁc heats of species are calculated by piecewise 4th degree
polynomial functions as Eq. (4). Table 3 gives the mass frac-
tion of species at the nozzle outlet and ambient air for the
chemical reacting ﬂow calculations. To simplify the model of
combustion, just O2 and N2 are considered in the ambient air.
3.2. Grid and validation
In the present work, quad structured meshes are employed and
denser grids are used in the mixing layer where the high ﬂow
gradients developed. Initial calculations are carried out for
three different grids of 100 · 40, 300 · 100 and 600 · 200 in
the downstream region of nozzle outlet, with the same compu-
tational condition of Case 1 in Table 2. Fig. 2 plots Mach
number Ma distributions along the jet center-line for these
solutions, where d is the diameter of the nozzle exit. The mid-
dle mesh (300 · 100 grids) and ﬁne mesh (600 · 200 grids)
show no signiﬁcant differences in reproducing the ﬂow struc-
tures in terms of their shape and positions, although the
increased grids give a little higher peaks for Mach number.
To reduce the computing effort, the middle mesh is selected
for the remaining cases.
Since the experiment data for underexpanded supersonic jet
with combustion are quite rare, some experimental data with
cold air are used here to validate the numerical method in
the present work. Mach number distributions along the cen-
Table 3 Mass fraction of species for chemical reacting ﬂow.
Ambient air Nozzle outlet
Species Mass fraction Species Mass fraction Species Mass fraction
O2 0.244 H2 0.0365 CO2 0.0437
N2 0.756 N2 0.1198 H2O 0.1048
CO 0.3845 HCl 0.3107
Fig. 2 Mach number distributions along the jet center-line with
different grids, NPR* = 3.5.
Table 2 Summary of computational conditions in the present work.
Case number Jet pressure (Pa) Jet temperature (K) Jet Mach number Ambient pressure (Pa) Ambient temperature (K) NPR/combustion
1 187350 241.667 1.0 101325 290 3.5*/No
2 267640 241.667 1.0 101325 290 5.0*/No
3(a) 187350 1415.1 3.13 43520 282 4.3/No
3(b) 187350 1415.1 3.13 43520 282 4.3/Yes
4(a) 187350 1415.1 3.13 21760 244 8.6/No
4(b) 187350 1415.1 3.13 21760 244 8.6/Yes
5(a) 187350 1415.1 3.13 10880 216.7 17.2/No
5(b) 187350 1415.1 3.13 10880 216.7 17.2/Yes
Note: NPR is the nozzle pressure ratio between the static pressures prevailing at the nozzle exit and in the surrounding atmosphere; NPR* is
deﬁned as the ratio of jet exit total pressure to ambient static pressure.
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and 5.0 are reported in the work of Ref. 21 with comparison to
some experimental result. A comparison of Mach number dis-
tribution along the jet center-line with experiment for
NPR* = 3.5 and NPR* = 5.0 is shown in Fig. 3. It can be seenFig. 3 Comparison of Mach number dthat the ﬁrst shock cell is in a good agreement with experiment.
After that, although the experimental data give a little higher
peaks in the shock cell Mach number, the wavelength and
potential core length of shock cell agree well with each other.
To some degree, the over-decay of the wavelength is due to
numerical diffusion. This trend has been reported in Birkby
and Page publication.21 Furthermore, the agreement between
experimental data and the present CFD result is also good
for far downstream.
4. Results
4.1. Effects on shock reﬂection
A series of CFD models with or without chemical reactions for
different nozzle pressure ratio from 4.6 to 17.2 is solved in this
research. As shown in Table 2, the present calculations are per-
formed with a constant nozzle exit condition and a varying
background pressure to avoid the effect of the combustor stag-
nation pressure.istribution along the jet center-line.
Fig. 4 Mach number contour with different NPRs.
Fig. 5 Mach number distributions along the center-line.
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which are characterized by complex shock and expansion wave
interactions. It can be seen that a Prandtl–Meyer expansion
follows the ﬂow at the exit of the nozzle, making its Mach
number increase signiﬁcantly. And then compression waves
exist due to the fact that the expansion waves are reﬂected
from the pressure free boundary. With the increase of the pres-
sure ratio, compression waves coalesce to form an axisymmet-
ric curved incident shock propagating across the center-line,
which may produce a normal shock or Mach disk for strongly
underexpanded jets. For cases with a Mach disc, a subsonic
zone which is bounded by a slip stream follows the normal
shock.
It is interesting that the structure of jets differs with the
effect of afterburning. For the afterburning jet ﬂow with
NPR= 4.3, the maximum Mach number in each shock cell
(as shown in Fig. 4(b)) is smaller than the case with no com-
bustions. For cases with NPR= 8.6, the Mach disk structure
disappears when chemical reactions are considered, as shown
in Fig. 4(d). Fig. 4(f) shows that the Mach disk for strongly
underexpanded jet with NPR= 17.2 accounting for combus-
tions is smaller than the model without chemical reactions,
and the distance from the nozzle exit to the Mach disk is longer
than the other one. As a matter of fact, the speciﬁc heat ratio
increases with the decrease of ﬂow temperature in the ﬁrst
shock cell for cases with chemical reactions, responding to
the variation of thermal parameters. This reduces the pressure
difference between the jet core and ambient gas by contrast
with models using a constant speciﬁc heat ratio. To some
degree, these might be used to explain the difference of core
region in the jet for cases with or without combustions.Fig. 4 also shows the difference of jet length and range with
variation of NPR, where r denotes the radial scale of the ﬂow
ﬁeld. Typically, the initial cell length of the jet and the jet range
increase with increasing nozzle pressure ratio, resulting in a
small quantity of air entering the mixing layer from the atmo-
sphere. By comparing to Case 1 and Case 2 with different noz-
zle exit conditions, the ﬂow ﬁelds in this section demonstrate
stronger collapses of Mach number at the end of ﬁrst shock
cell and contain fewer shock cells, responding to more velocity
losses across Mach disks or oblique shocks caused by higher
ﬂow Mach numbers.
Fig. 5 gives Mach number distributions along the center-
line for different cases. This clearly shows the effects of the
pressure ratio and afterburning on jet core regions. The shock
reﬂection distance, which is considered as the axial distance
from the nozzle exit to the center of the ﬁrst center-line regular
reﬂection or Mach disc, increases with the increase of pressure
Fig. 6 Contours of temperature and species mass fraction for the jet ﬂow with NPR= 4.3.
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cell increases consequently due to the increase of expanding
length of jet ﬂow. For mildly underexpanded jets with
NPR= 4.3, the combustion tends to reduce the shock reﬂec-
tion distance and maximum value of Mach number in this cell.
Otherwise, for strongly underexpanded jets with NPR= 8.6
and NPR= 17.2, the cases considering combustions exhibit
longer shock reﬂection distance and stronger collapses of
Mach number at the end of the ﬁrst shock cell.4.2. Afterburning effects on thermal parameters
It is well-known that the process of afterburning in the jet can
signiﬁcantly affect the temperature distribution and other
thermo-gas-dynamic parameters of the jet. Fig. 6(a) shows
contours of predicted temperature for the underexpanded
supersonic chemistry ﬂow with NPR= 4.3. Responding to
the mixture of combustion gases and air, afterburning mainly
exists in the mixing layer and the ﬂow temperature increases in
this zone. In the jet core, the temperature is almost insensitive
to chemical reactions in the external ﬂow region.
Contours of some species are given in Fig. 6(b)–6(h) for the
same case with NPR= 4.3. The mass fraction of O2 decreases
from the outer boundary of the mixing layer to the boundaryof jet core, responding to the afterburning in this ﬁeld. The
distribution of H2O species shows that the combustion of H2
mainly occurs near the inner boundary of mixing layer since
the mass fraction of H2O in this ﬁeld is obviously higher than
other regions. However, the combustion of CO mostly appears
near the far ﬁelds downstream, although this combustion pro-
cess also exists in other regions. This produces a high mass
fraction region for the product of CO2. Moreover, the after-
burning of combustion products of solid rocket boosters con-
verts a substantial amount of the HCl to Cl and Cl2. Fig. 6(h)
shows that the chlorine atoms is also generated in this plumes.
Considering the distribution of mass fraction for species, the
thermal-dynamical parameter such as the speciﬁc heat would
change consequently. This will signiﬁcantly inﬂuence the struc-
ture of underexpanded jets by comparing with non-combus-
tion models.
Fig. 7 plots the cross-sectional distributions of the dimen-
sionless temperature T/Te for cases with NPR= 4.3 and
NPR= 8.6, where Te is the average temperature in the nozzle
exit plane. In the section of x/d= 5, the temperature in the
central region is lower than the boundary of jet ﬂow due to
the expansion and cooling of jet ﬂow. As mentioned above,
the afterburning tends to increase the temperature in the
mixing layer for models with combustion. The section of
x/d= 10 is located at the downstream of ﬁrst shock cell and
Fig. 7 Dimensionless temperature distributions for cases with NPR= 4.3 and NPR= 8.6.
512 D. Fu et al.ﬂow parameters would be signiﬁcantly affected by the shock
reﬂection. Typically, Fig. 7(d) gives the biggest value of tem-
perature in the core region for these sections. This indicates
that a Mach disk exists at the upstream of this section which
leads to a sudden increase of the ﬂow temperature and pres-
sure. It is interesting to see that the temperature after the Mach
disk is obviously higher than the results in the mixing layer for
the combustion model, which means that the temperature in
the mixing layer will be lower than the total temperature
of the rocket motor in most cases. In the downstream of
section x/d=30, the dimension of the jet expands with the
development of the turbulent mixing.5. Conclusions
Underexpanded supersonic jets with or without chemical
reactions have been investigated by CFD method in this
research. A TVD methodology capable of predicting complex
shocks is utilized to solve the axisymmetric expanded
Navier–Stokes equations containing transport equations of
species. It is known that the computed results reasonably cap-
ture the major ﬂow features, such as the expanding waves,
compressible wave, Mach disk and distribution of species
for the chemical reaction ﬂow, etc., which are generated in
underexpanded jet ﬂow.
Simulation of underexpanded supersonic jet ﬂows with chemical reactions 513CFD solutions indicate that the structure of underexpand-
ed jet is typically inﬂuenced by the nozzle pressure ratio (NPR)
for both group cases considering combustions or not. The
shock reﬂection distance and maximum value of Mach number
in the ﬁrst shock cell increase with the pressure ratio, resulting
in a small quantity of air entering the mixing layer from the
atmosphere. Increasing the NPR, a Mach disk exists at the
end of the ﬁrst shock cell and the ﬂow velocity collapses sud-
denly. The magnitude of velocity loss is dominated by the
Mach number before the Mach disk.
The comparison of calculation results for cases with or
without chemical reactions demonstrates that the afterburn-
ing has signiﬁcant inﬂuence on the jet structure, responding
to the variation of the speciﬁc heat ratio and combustions
in the mixing layer of jet ﬂows. Generally, the afterburning
tends to increase the temperature in the combustion region
while it is lower than the total temperature of the rocket
motor. The variation of speciﬁc heat ratio leads to longer ﬁrst
shock cell and an increase of the Mach number before the
Mach disk, which produces more velocity loss across the
Mach disk for strongly underexpanded jets. Furthermore,
the TCI and radiation heat transfer of reaction gases will
affect the combustion progress and ﬂow structures to some
degree, Considering the inﬂuence of TCI and thermal radia-
tion effects would be helpful to get more accurate prediction
for exhausted jet ﬂows.
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